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Regulating Insect Flight Muscle with Troponin
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Indirect flight muscle (IFM) contracts at high frequencies at a priming level of
Ca2þ that stays constant during oscillations. The muscles are stretch-activated.
Alternating contraction of opposing muscles produces resonant distortions of
the thorax, which results in rapid movement of the wings. The TnC isoform,
F1, which binds one Ca2þ in the C-lobe, is needed for stretch-activation.
The N-lobe of F1 is inactive and does not bind TnH (the TnI of IFM). The
C-lobe changes from a closed to open conformation on binding Ca2þ. How-
ever, the binding of TnH to this lobe is independent of Ca2þ, and the transition
may be necessary for optimum orientation of TnH. The minor TnC isoform, F2,
which is needed for the development of isometric force at relatively high
[Ca2þ], binds one Ca2þ in each lobe; association with TnH involves both
lobes and is Ca2þ-dependent. In Lethocerus IFM, the C-terminus of TnH is
close to a crossbridge, and may form part of a ‘‘troponin bridge’’ between
the thick and thin filament, transmitting strain to the thin filament on stretch.
The inhibitory sequence of TnH would be pulled off actin by stretching, rather
than by reversibly binding to the N-lobe of TnC in the presence of Ca2þ, as
occurs in skeletal muscle. We will describe the effect of the C-terminal half
of F1 alone on oscillatory contraction, and the effect of adding the C-terminal
region of TnH to compete with endogenous TnH.
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In striated muscle, contraction is regulated in a Ca2þ-dependent manner by the
three subunits of the troponin complex. Troponin I (TnI) inhibits actomyosin
ATPase in the absence of calcium; Ca2þ binding to troponin C (TnC) causes
conformational changes that alter the interaction between TnI and TnC, remov-
ing the inhibition. These conformational changes are transmitted to the rest of
the thin filament through interactions with troponin T (TnT). Nuclear magnetic
resonance (NMR) studies of the core skeletal troponin complex (52 kDa)
showed Ca2þ-dependent changes in relaxation parameters of the regulatory
region of TnC (residues 1-91) (Blumenschein et al., J. Biol. Chem. 280,
21924), and that the last 50 residues of TnI are disordered irrespective of the
presence of calcium (Blumenschein et al., Biophys. J. 90, 2436). This disorder
is postulated to be essential for muscle regulation (Hoffmann et al., J. Mol.
Biol. 361, 625). Due to the size of the troponin complex, it was not possible
to observe the remaining residues of the regulatory region of TnI (98-182).
A chimeric polypeptide, containing the regulatory regions of TnI and TnC
connected by a short linker (GGAGG), is capable of regulating actomyosin
ATPase (Tiroli et al., FEBS Journal 272, 779), and at 20 kDa, provides a
better target for NMR studies and the ability to visualise the residues so far
unobserved. NMR relaxation measurements were used to study the dynamics
of this troponin chimera in the presence and absence of calcium, and when
the difference in molecular weight is taken into account, the relaxation para-
meters reproduce perfectly the results observed for the whole complex, in
the presence and absence of calcium, both for the TnC and TnI regions previ-
ously observed.
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Luca Fusi, Elisabetta Brunello, Ivanka Sevrieva, Yin-Biao Sun,
Malcolm Irving.
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Mutants of troponin C (TnC) with bifunctional rhodamine (BR) cross-linking
pairs of cysteine residues 56 and 63 or 96 and 103, along the C- and E-helices
respectively, were exchanged into demembranated fibers from rabbit psoas
muscle. Changes in the orientation of the two helices following a sudden in-
crease in [Ca2þ] elicited by photolysis of NP-EGTA were monitored by polar-
ized fluorescence. The second- and fourth-rank order parameters, <P2> and
<P4> respectively, that describe the orientation distribution of the BR dipoles
with respect to the muscle fiber axis were calculated from the polarized fluores-
cence intensities. 5 ms after photolysis, when force was only 3% of maximum,
the changes in <P2> and <P4> were 90% complete for the C-helix and 65%for the E-helix. The results reveal the kinetics of the first steps in the signaling
pathway in the troponin complex: the [Ca2þ] jump induces a fast structural
change in the N-terminal lobe of TnC, containing the regulatory Ca2þ sites
near the C helix, followed by a structural change in its C-lobe (containing
the E helix) that is still faster than force generation. When active force devel-
opment was inhibited by N-benzyl-p-toluene-sulphonamide (BTS), the kinetics
and amplitude of the orientation change in the C-helix were not affected,
whereas the orientation change in the E-helix was reduced. The effect of
BTS on the kinetics also revealed a component of the E-helix orientation
change that is synchronous with force development and accounts for the ampli-
tude decrease, suggesting that myosin head binding to actin completes the
structural change of the C-lobe initially triggered by calcium binding to the
N-lobe.
Supported by Medical Research Council and Wellcome Trust, UK.
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a-Tropomyosin (aTm) is the predominant tropomyosin isoform in adult human
heart and constitutes a major component in Ca2þ-regulated systolic contraction
of cardiac muscle. The mechanical flexibility of aTm is an important param-
eter governing its regulatory function, including the spanning range of cooper-
ative activation of striated muscle thin filaments. Previous persistence length
(Lp) estimates of different isoforms of WT Tm range from 50-170 nm, or
one to four contour lengths (Lc) of the molecule, in different temperatures.
We present here highly consistent Lp measurements from multiple large pop-
ulations of single molecules of human cardiac aTm in room temperature using
our previously reported direct probe imaging technique. Bacterially-expressed,
human cardiac aTm was incubated and adsorbed on poly-lysine coated mica at
25oC. The adsorption is an irreversible and diffusion limited process with dif-
fusion coefficient of ~107cm2/s. A total of 199-1950 molecules (typically
greater than 500) per independently prepared sample were imaged using
atomic force microscopy and their contours were analyzed. Analysis of tangent
correlation along molecular contours yielded average Lp of 41-48 nm for WT
aTm, consistent in various incubation times from 30s to 900s. Variation across
multiple WT aTm samples independently prepared at identical conditions is
~5 nm. Similar analyses for three independent samples of the familial hyper-
trophic cardiomyopathy (FHC)-related aTm E180G mutant prepared in
identical conditions yielded Lp of 24-31 nm. The marked, 38% decrease of
measured Lp likely provides an important mechanistic link between the
E180G mutation of human cardiac aTm and cardiac hypertrophy in FHC.
Our measurements also suggest WT human cardiac aTm is a semi-flexible
molecule with Lp comparable to Lc, consistent with previous results that coop-
erative activation of vertebrate striated muscle thin filaments spans 1-2 struc-
tural regulatory units.
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Tropomyosin (Tm) is a coiled-coil alpha-helix regulating the cooperative acti-
vation of muscle contraction by the thin filament. Tm forms strands along actin
filaments which azimuthally move between switched-on/off locations under the
influence of Ca2þ-troponin (Tn) and strong crossbridge formation. The flexibil-
ity of Tm strongly influences its movement so that the relaxation-activation
mechanism within the thin filament may be critically modulated. Here we study
the mechanical consequences of the presence of chicken recombinant alpha
tropomyosin, D137L, in rabbit skeletal muscle myofibrils, previously charac-
terized in vitro (Sumida et al., 2008). Endogenous Tm and Tn are replaced
into rabbit skeletal muscle myofibrils (Siththanandan et al., 2009) with
recombinant rabbit Tn (WT) and chicken alphaTm (WT and D137L). SDS-
PAGE analyses of samples of myofibrils show that Tm-Tn replacement was
about 90%. Force recordings from small bundles of myofibrils (Tesi et al.,
2002) show that at saturating [Ca2þ ] (pCa 4.5), maximal tension was not
affected by Tm flexibility nor were the rates of force activation (kACT) and force
redevelopment (kTR). However, at submaximal [Ca
2þ ] (pCa 5.9), the presence
of D137L Tm significantly increases (about 15-20%) both force and kinetics
of force generation. Consistently, force-pCa curves obtained from myofibrils
